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The ﬁrst-principles calculations were performed based on density functional theory to study the
structural, electronic and magnetic properties of Ni4C resulting from carbon atom diffusion in a con-
ventional Ni unit cell. Firstly, geometry optimization was performed to reach the equilibrium state of
Ni4C. The lattice constant of the stable Ni4C crystal structure was larger than that of the Ni unit cell. Then
the electronic and magnetic properties of Ni4C were determined, and the results showed that the
magnetic moment was 0.46 mB per unit cell, and the calculated local magnetic moment of carbon atoms
was 0. There were two occupied sites for Ni atoms with different local magnetic moments, which was
about 0.64 mB (close to that of nickel unit cell) for Nia atoms at the top corners and a negative value
of 0.06 mB for Nib atoms at the face center. The magnetic moment increased abruptly to 1.89 mB at 3.79 Å
due to the changes of lattice parameters with external factors, and ﬂuctuated slowly from 3.5 Å to 3.78 Å.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Carbon as a very common nonmetal element can form carbides
with other elements. It is also one of the most important alloying
elements in steel materials, which could be transformed into
austenite, ferrite and cementite under certain conditions. For
instance, carbon can form cementite-type Ni3C with Ni in Ni-based
alloy. The carbide in NieC system contains q-Ni3C, 3ReNi3C, hcp-
Ni3C and g0-Ni4C. There have been a number of studies on FeeC
system [1e10]. But studies on NieC system are quite limited. Fang
and Sluiter have studied the structural and magnetic properties of
Ni3C phases and hcp-NiCy solid solution using ﬁrst-principles cal-
culations [11] and the results showed that the nonmagnetic solu-
tion was the most stable for both hcp-Ni3N and 3ReNi3C, and the
hcp-NiXy solid solutions remained ferromagnetic up to y ~0.20.
Sedlackova and Lobotka have studied the structural and magnetic
properties of NieC composite thin ﬁlms [12]. It revealed that
nanocomposites containing only hcp Ni3C type structure gave zero
magnetoresistivity, whereas NieC nanocomposites containing fcc
Ni showed a small anisotropic magnetoresistance of ~0.1%. Gibson
et al. have studied the structure and stability of NiC, Ni2C and Ni3C
and found that the most stable ground state arrangement of Ni2Co).
B.V. This is an open access article uhad metallic character, and the calculated formation energies were
48.6, 7.9 and 6.4 kcal mol1, respectively [13].
Zhu and Dai pointed out that the octahedral interstitial sites
were preferred for C dissolution in comparison to the tetrahedral
sites in the ﬁrst-principles calculations [14]. However, to our
knowledge, no theoretical study is available about the structural,
electronic and magnetic properties of Ni4C, thus highlighting the
need for more research in this area.
Laser cladding of WC-based Ni alloy can form supersaturated
solid solutions of nickel and carbon due to the rapid heating and
cooling of laser cladding. The main purpose of this study is to
investigate the structural, electronic and magnetic properties of
Ni4C using ﬁrst-principles calculations, such as the partial and total
densities of states. Charge density map and charge density differ-
ence map were also showed to elucidate the electronic interaction
between atoms. In china, the study on this ﬁeld has not been re-
ported so that this paper would be profound.2. Theoretical model and computational method
2.1. Theoretical model
Carbon atoms are more likely to occupy the octahedral inter-
stitial sites rather than the tetrahedral sites in the formation of
NieC solid solution with fcc structure [14] But the magnetic
property of Ni4C unit cell has not been studied by ﬁrst-principlesnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Table 1
Interaction length distribution of Ni4C.
Bond Population Spin Length (Å)
C 001 e Ni 003 0.60 0.00 1.87554
C 001 e Ni 004 0.60 0.00 1.87554
C 001 e Ni 002 0.60 0.00 1.87554
J. Yang et al. / Computational Condensed Matter 1 (2014) 51e5752calculations. In this study, we ﬁrst developed a model of fcc Ni, and
then added a carbon atom to the body center of the model, with 8
Nia atoms at the top corners and 6 Nib atoms at the face center of
the unit cell, namely, Nia and Nib occupied two nonequivalent
sites as shown in Fig. 1. The lattice parameters are
a ¼ b ¼ c ¼ 3.524 Å, crystal angels are a ¼ b ¼ g ¼ 90.Ni 003 e Ni 004 0.44 0.02 2.65242
Ni 002 e Ni 003 0.44 0.02 2.65242
Ni 001 e Ni 004 0.44 0.01 2.65242
Ni 001 e Ni 002 0.44 0.01 2.65242
Ni 002 e Ni 004 0.44 0.02 2.65242
Ni 001 e Ni 003 0.44 0.01 2.652422.2. Computational method
The cutoff energy of the wave functions was 400 ev, and
6 6 6 special k-points sampling grid in the ﬁrst Brillouin Zone of
Ni4C was used. The structural, electronic, and magnetic properties
of Ni4C unit cell were calculated based on density functional theory
using the CASTEP code with the Generalized Gradient Approxi-
mation in the scheme of Perdew-Burke-Eruzer (PBE) [15e18]. The
electroneion interactions were described by the Vanderbilt ultra-
soft pseudopotential (USPP) [19]. The electronic conﬁgurations
were taken to be 2s22p2 for carbon and 4s23d8 for Ni. The
Monkhorst-Pack Scheme was used to sample the Brillouin zone
[20] and the Pulay-type density mixing scheme was used for the
electronic minimization. Geometry optimization was performed
before the calculation of Ni4C properties. Spin polarization was
considered in all calculations. The convergence criterion for the
optimization was based on energy changes, forces, stresses and
maximum displacements. Speciﬁcally, the total energy changes
between two steps must be lower than 1 mev, the displacement of
atoms during the geometrical optimization must be smaller than
0.5103 Å, the forces per atomwere reduced to 0.01 ev/Å, and the
maximum stress was below 0.02 Gpa, respectively.3. Results and discussion
3.1. Result of geometry optimization
After optimization, the cell is at the most steady state when the
energy of Ni4C is the lowest. The calculated equilibrium lattice
parameters of Ni4C (a ¼ b ¼ c ¼ 3.75 Å) were increased by 6.41% as
compared to the theoretical value of a¼ b¼ c¼ 3.524 Å and close to
that obtained in a previous study (3.740 Å) [10]. This was mainly
due to the addition of carbon atom that expanded the crystal lattice.
The conditions of interaction length distribution were shown in
Table 1. The bond length was about 1.876 Å between carbon and
nickel atoms and about 2.652 Å between nickel atoms, which were
longer than nickel unit cell.Fig. 1. The Ni4C unit cell (C dissolution at the interstitial octahedral site).3.2. Density of states
Geometry optimization was performed before the calculation of
structural, electronic, and magnetic properties of Ni4C. Fig. 2(a)
showed the calculated total densities of states for Ni4C and the site-
projected Nia 2s, Nia 2p, Nia 3d, Nib 2s, Nib 2p, Nib 3d and C 2s, C 2p
DOS for Ni4C are shown in Fig. 2(bei). There are the hybridized C 2p
and Ni 3d states within the energy interval from 5 to 0 ev below
the Fermi level (EF ¼ 0 ev), that suggests a covalent bonding be-
tween iron and carbon atoms. It also can be seen that the charge
transfer between carbon and Ni atoms from Milliken population
analysis results in which 0.66, 0.08, 0.19 for Nia, Nib, C. The Ni 3d
state across the Fermi level mean that no energy gap near the Fermi
level as shown in Fig. 2(d and g) indicating a metallic nature for
Ni4C. Obviously, there were three regions as seen from the total
density of state as shown in Fig. 2(a): the lower valence band, the
upper valence band, and the unoccupied conduction states. The
comparison of the up and down spin densities of states near the
Fermi level clearly showed that the magnetic character of Ni4C
could be manifested in the last two regions, namely, the upper
valence band and the unoccupied conduction states. Actually, the
up and down spin states were noticeably asymmetric near the
Fermi level, whereas symmetric in the other regions. Fig. 2(b)e(i)
showed the densities of state for Ni4C projected at Nia site (bed),
Nib site (eeg), and C site (hei), respectively. It can be seen that the
lowest valence band ranging from 15 to 10 ev was composed of
an admixture of carbon 2s states and a small contribution from 2s,
2p states of Ni. The upper valence band resulting from the Ni 3d and
other states could be divided into two parts: the ﬁrst one ranged
from8.5 to5 ev and the second onewas composedmainly of the
Ni 3d states from5 ev up to the Fermi level. The region beyond the
Fermi level was the unoccupied conduction states composed
mainly of the Ni 2s, 2p states and carbon 2p states. In addition, the
Ni 3d states made a negligible contribution to the conduction band.3.3. Magnetic properties
The milliken population analysis results and atomic magnetic
moment were shown in Table 2. The calculated total magnetic
moment of Ni4C structure was 0.46 mB. There were two nonequiv-
alent Ni atoms (Nia and Nib) with different local magnetic mo-
ments, which was about 0.64 mB (close to that of nickel unit cell) for
Nia atoms at the top corners and a negative value of0.06 mB for Nib
atoms at the face center. The distance between carbon atoms was
greater in Nia than in Nib. This could be attributed mainly to the
number of neighboring atoms, the environment of atoms, and the
interatomic distances between neighboring atoms. It was noted
that the degree of asymmetry in the density of d state about Nia and
Nib differed signiﬁcantly near the Fermi level. Fig. 3(a) showed the
total electron density, and Fig. 3(b) and (c) showed the electron
Fig. 2. Calculated total densities of states of Ni4C (a) and site-projected densities of states of Nia (bed), Nib (eeg) and C (hei) for Ni4C.
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Fig. 2. (continued).
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Table 2
Milliken population analysis results of Ni4C and atomic magnetic moment.
Species Ion s p d f total Charge(e) Moment(mB)
C 1 1.49 3.18 0.00 0.00 4.66 0.66 0.00
Nia 1 0.39 0.72 8.81 0.00 9.92 0.08 0.64
Nib 2 0.33 0.70 8.77 0.00 9.81 0.19 0.06
Fig. 4. Total magnetic moment as a function of lattice constant for Ni4C.
J. Yang et al. / Computational Condensed Matter 1 (2014) 51e57 55density difference of the (1 1 0) and (1 0 0) planes, respectively,
where red regions indicated loss of electrons and blue regions
indicated gain of electrons. It was noted that Nia atoms did not
bond, whereas Nib atoms bonded with carbon atoms. Moreover, the
delocalized electron clouds represented the metallic bonds be-
tween Nia and Nib. Thus, it could be concluded that the Ni4C
structure presented both metallic and covalent bond characters.
Lattice parameters of unit cell were expected to change with
external factors such as temperature and pressure. To understand
the relationship between cell volume and magnetic moment, the
magnetic moment of Ni4C unit cell with different cell volumes was
calculated by ﬁrst principles methods. Fig. 4 showed that lattice
constant had a considerable effect on magnetic moment. For Ni4C,
the magnetic moment per unit cell changed slowly from 3.5 Å to
3.78 Å. With the increase of the lattice constant to 3.79 Å, the
magnetic moment increased abruptly from 0.46 mB at equilibrium
to about 1.89 mB. In general, the magnetic moment of unit cell was
mainly contributed by 3d electrons of metal atoms. To investigate
the origins of magnetic moment, we analyzed the partial densities
of states of nickel atoms.
Fig. 5(a) and (b) showed that the asymmetric density of up and
down spin states could be attributed to that part of 3d electrons
tended to the conduction band through the Fermi level for Nia. In
addition, the magnetic transition of Ni4C was changed from ferro-
magnetic to nonmagnetic state when the lattice constants
decreased to about of 3.2 Å, which implied that the magnetism of
Ni4C was unstable under certain conditions. Because we can noted
that the up and down spin densities of states shown the symmetry
when the lattice parameters of Ni4C was 3.20 Å whereas it shown
the asymmetry when the lattice parameters of Ni4C was 3.85 Å for
partial densities of states of Nia and Nib near the Fermi level. Fig.
5(c) and (d) showed that the partial density of up and down spin
states for Nia and Nib were symmetric. Carbon atoms made a non-
negligible contribution to magnetic moment. As a result, the
nonmagnetic character was observed.Fig. 3. Charge density map of the (1 1 0)plane from 0.5(blue) to 25(red)e Å 3 (a), and cha
0.382(blue) e Å3. (For interpretation of the references to color in this ﬁgure legend, the re4. Conclusions
In this study, the ﬁrst-principles PBE-GGA calculations were
performed to optimize the structure of Ni4C unit cell and investi-
gate its electronic and magnetic properties, such as lattice con-
stants, densities of states, and magnetic moment.
The lattice parameters at equilibrium were larger than the
experimental data of fcc nickel. The increase of lattice constants
from 3.524 Å to 3.75 Å could be attributed to the addition of carbon
atom that expanded the crystal lattice. There were composed
mainly of C 2p states and Ni 3d with a high density of states near
the Fermi level (EF¼ 0 ev). The contributions of the C 2p states were
small, whereas that of the Ni 3d states were high. In addition, the
contribution of Nia was obviously higher than Nib atoms as shown
in the partial density of states.
The magnetism of Ni4C originated mainly from the spin polar-
ization of the Ni 3d states. In addition, the magnetic moment was
0 for carbon atom, 0.64 mB for Nia atoms at the top corners,
and 0.06 mB for Nib atoms at the face center. The difference could
be attributed to the number of neighboring atoms, the environment
of atoms, and the interatomic distances between neighboring
atoms. The magnetic moment of Ni4C was about 0.46 mB. However,rge density difference map of the (1 1 0) (b) and (1 0 0) (c) planes from 0.58(red) to
ader is referred to the web version of this article.)
Fig. 5. The partial densities of states of Ni4C for Nia and Nib at a ¼ 3.85 Å(a, b) and a ¼ 3.20 Å (c, d).
J. Yang et al. / Computational Condensed Matter 1 (2014) 51e5756it increased abruptly to 1.89 mB at 3.79 Å due to the changes of
lattice parameters with external factors, and ﬂuctuated slowly from
3.5 Å to 3.78 Å. The magnetic transition was changed from ferro-
magnetic to nonmagnetic state when the lattice constants
decreased to about of 3.2 Å, mainly due to the effects of factors such
as temperature and pressure.
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